The ataxia telangiectasia-mutated and Rad3-related (ATR) kinase is a master regulator of DNA damage response and replication stress in humans, but the mechanism of its activation remains unclear. ATR acts together with its partner ATRIP. Using cryo-electron microscopy, we determined the structure of intact Mec1-Ddc2 (the yeast homolog of ATR-ATRIP), which is poised for catalysis, at a resolution of 3.9 angstroms. Mec1-Ddc2 forms a dimer of heterodimers through the PRD and FAT domains of Mec1 and the coiled-coil domain of Ddc2. The PRD and Bridge domains in Mec1 constitute critical regulatory sites.The activation loop of Mec1 is inhibited by the PRD, revealing an allosteric mechanism of kinase activation. Our study clarifies the architecture of ATR-ATRIP and provides a structural framework for the understanding of ATR regulation.
A taxia telangiectasia-mutated (ATM) and ATM-Rad3-related (ATR) are master regulators of the DNA damage response and are highly conserved among eukaryotes. The ATR kinase is essential for the maintenance of genomic integrity, which is activated by DNA double-strand breaks (DSBs) as well as various types of DNA replication problems (1) . ATR forms a stable complex with ATRIP (ATR-interacting protein), which regulates the localization of ATR and is essential for ATR signaling (1) (2) (3) . Mutations in ATR are associated with Seckel syndrome, a clinically distinct disorder characterized by proportionate growth retardation and severe microcephaly (4) . Given the central role of ATR in genome integrity and human disease, it is essential to understand the mechanism of its regulation. Molecular and structural insights into ATR are critical to facilitate the design of therapeutic agents (5) . A negative-stain structure of Saccharomyces cerevisiae Mec1-Ddc2 (homolog of human ATR-ATRIP) was recently reported (6) . However, the resolution obtained by electron microscopy in that study was low (22.5 Å) . Here, we report the cryo-electron microscopy (cryo-EM) structure of the Mec1-Ddc2 complex at 3.9 Å resolution (table S1).
The endogenously purified Mec1-Ddc2 complex has a 1:1 stoichiometry, which is consistent with previous biochemical and functional studies ( fig. S1) (2, 7) . The preparation displays basal kinase activity, which could be stimulated by incubation with the endogenous Mec1 activator Dpb11, the homolog of human TopBP1 ( fig. S2 ).
Each Mec1-Ddc2 complex contains two copies of Mec1 and two copies of Ddc2, such that the complex has a butterfly-like dimeric architecture with a two-fold rotational (C 2 ) symmetry (Fig. 1, A and B, and figs. S3 and S4). The dimeric architecture is similar to that of the Tel1 (homolog of human ATM) homodimer (8) but is distinct from that of the mTOR complex (9, 10) and Tor-Lst8 (11) (figs. S11 to S15). Human ATR can be autophosphorylated at Thr 1989 (12, 13) , which is neither close to the Mec1 kinase domain nor in proximity to the dimer interface (Fig. 1C) . Thus, Thr 1989 seems unable to access either active site in the Mec1 dimer without substantial conformational changes.
Mec1 contains a canonical two-lobe kinase domain (KD) spanning about 400 C-terminal residues, with three characteristic insertions: FATC (∼30 residues), LBE (∼40 residues), and PRD (∼20 residues). The elements crucial for catalysis are ordered in the structure, including the activation loop, catalytic loop, P-loop, and FATC (Fig. 1, C and D) . Immediately preceding the KD is an array of helical repeats constituting the FAT domain ( fig. S5 ), which extends toward the N-terminal a-solenoid. The Mec1 N terminus is highly flexible, with more than 200 amino acids (residues 1 to 235) invisible in the structure. Consistently, no cross-linking signals were detected within this region (14) . Similarly, the N terminus of the mTOR is also invisible in the 4.4 Å cryo-EM reconstruction (10) .
The Ddc2 density is well defined; most of the side chains are discernible ( fig. S9 ). Ddc2 has a sinuous superhelical structure containing 26 helices There are three major dimer interfaces in the Mec1-Ddc2 complex ( Fig. 2A) . The Mec1 PRD [phosphatidylinositol 3-kinase-related kinase (PIKK) regulatory domain] constitutes an important Mec1-Mec1 dimer interface that critically regulates the kinase activity of PIKKs (16) . The PRD loop interacts with both the ka9b helix and the TRD3 region of another monomer by putative hydrogen bonds and electrostatic interactions (Fig. 2B) . The TRD2-TRD2 dimer is a conserved interface shared by Tel1 (8) and Mec1 (Fig. 2C) . Several polar or charged residues at the TRD2 and TRD3 regions are responsible for making the contacts. The Ddc2-Ddc2 dimer is formed by the coiled-coil (CC) domain, which plays a critical role in Mec1 activation (16, 17) . The helix bundles and upper loops are stabilized by the Leu-mediated hydrophobic interactions ( ) is targeted by Dpb11 as a direct activator of Mec1 (16, 18) . The ka9b helix of Mec1 packs against the activation loop and caps the catalytic site. Furthermore, the Met 2312 residue in the hinge between ka9 and ka9b directly contacts with the exposed Phe 2244 of the DFG motif on the activation loop by hydrophobic interaction (Fig. 3B) ) condense in the short ka9b helix of the PRD of Mec1. In human ATR, the Lys 2589 → Glu (K2589E) mutation in the corresponding basic patch specifically affects TopBP1 activation (16) , highlighting a critical role of the PRD in both ATR and Mec1 activation (Fig. 3B) .
The structure clearly resolves the side-chain densities in the majority of the N-terminal a-solenoid of Mec1 (figs. S6 and S7). The Nterminal Spiral region (residues 236 to 1121) is followed by a linker (residues 1122 to 1148) that runs along the surface of the FAT and kinase domains, thereby connecting the Spiral region to a region that we refer to as the "Bridge" (residues 1149 to 1409). Strikingly, two extended helices of the N-terminal solenoid (HEAT 32R) that are in close proximity to the active site may generate steric hindrance for substrate entry to the catalytic cavity of Mec1 (Fig. 3C) . A point mutation of Ser 1333 in ATR creates a hyperactive kinase (19) , which is in proximity to the linker region stabilizing the Bridge region (Fig. 3, D (20, 21) . Interestingly, the structural features of Bridge are shared by ATM (8), DNA-PKcs (22) , and mTOR (9) (figs. S13 and S14). In both ATM and DNA-PKcs, the Bridge domain contains critical regulatory autophosphorylation sites (20) . The mTOR Bridge domain is responsible for Raptor binding (9) . These observations all indicate that the conserved Bridge domain critically regulates the kinase activity of PIKKs and constitutes an important regulation site.
The kinase activation loop generally undergoes substantial conformational changes during catalysis that are intimately tied to activation (23) . The structure discloses that the PRD, LBE domain, and FATC domain of Mec1 inhibit the substrate binding and enzyme activation by enclosing the catalytic and activation loops (Fig. 3,  A and B) . The relief of such inhibition critically relies on several specific activators, such as Dpb11. The ATR/Mec1 activation domain (AAD) of these activators is generally unstructured and contains two critical aromatic residues, which may initiate AAD binding to Mec1 (or, in humans, to ATR) (24, 25) .
Although the known AADs share little sequence homology, the region around the conserved aromatic residues generally contains several consecutive pairs of acid residues (Fig. 4A) . The Mec1 activation mechanism may be mediated by both the conserved aromatic residues and acidic patch in the specific AADs (Fig. 4B ). In agreement with this deduction, the sequence surrounding a conserved aromatic residue in AADs is essential for its ability to activate ATR (26) . ATR activation by AAD is salt-sensitive and the activation effect is lost at higher salt concentration (27) . The effects of the ATR K2589E mutation [i.e., decreasing the TopBP1 association and abolishing ATR activation (16)] probably result from altering the PRD's basic patch for AAD binding.
When AAD binds to the PRD, the conserved aromatic residues could first target the exposed Phe 2244 -Met 2312 interface and destabilize the hydrophobic interaction, which clamps the activation loop. Then, the acid patch surrounding the aromatic residues could attract the basic patch on the ka9b, increasing the overall binding affinity and the stability of the AAD-Mec1 complex (Fig. 4C) . These multiple interactions could further trigger substantial conformational changes in the PRD and in the activation and catalytic loops. The synergetic movements may expose the substrate binding site and culminate in full kinase activity.
